The asymmetrical half-bridge converter (AHBC) has the attractive features of zero voltage switching (ZVS) and voltage clamping. However, the converter is not suitable for wide input voltage range applications since it has the problem of a 50% maximum allowable duty cycle. A new AHBC topology with a tapped output inductor filter is proposed that not only extends the allowable operating duty cycle but also makes the ZVS condition less stringent. The principle of operation is explained and analysed. Experimental results obtained from a 24V/3 A prototype are presented, which illustrate converter function and verify the analytical results.
duty cycle of switch SI peak current of switch SI peak current of switch S2 average value of magnetising current positive peak value of magnetising current negative peak value of magnetising current instantaneous current of leakage inductor LI instantaneous current of output rectifier D1 instantaneous current of output rectifier D2 root-mean-square current of output rectifier DI root-mean-square current of output rectifier D2 average voltage across blocking capacitor For low to medium power level applications, topologies derived from an asymmetrical half-bridge converter (AHBC) have been widely discussed due to their smaller component counts, lower stress on the power switch, and soft-switching phenomenon [ 1-81. Among these topologies, the AHBC has a higher efficiency due to its lower rootmean-square (RMS) current of the output rectifiers. Fig. 1 shows the basic circuit of the converter. However, the converter has the problem of a 50% maximum allowable duty cycle [ 3 4 ] . This makes the converter unsuitable for operating within a wide input voltage range. Moreover, the voltage stress of the output rectifier depends on the operating duty cycle. If the operating duty cycle is adjusted to 50%, these two rectifiers will be under the same voltage stress. Thus, a lower voltage drop diode can be used and the conductive and switchng loss of the rectifiers can be reduced. In recent years, little effort has been expanded on extending the maximum allowable duty cycle of an AHBC [7, 81. The two-transformer AHBC was proposed in 1999 [7] . By tuning the individual turns ratios of the two transformers, the maximum allowable duty cycle can be extended to be over 50%. However, this is at the price of an increased complexity and cost.
The problem of duty cycle limitation in an AHBC will now be addressed. A modified circuit will be proposed. Fig. 2 shows the basic circuit diagram. As the Figure  indicates , the converter has the same components count as in Fig. 1 . The only difference is that in the output inductor filter, a tapped-inductor replaces the one-winding inductor. By tuning the ratio of the number of windings of the tapped-inductor, the operating duty cycle of the converter can be extended to be over 50%. Compared with a conventional AHBC, the zero voltage switching (ZVS) condition and current stress on the power switch of the proposed converter are reduced. Additionally, the basic principle of operation and its steady-state characteristics will be analysed. The design considerations are given according to the analysis. To demonstrate the effectiveness of the characteristic performances, experiments are carried out with a 24V/3 A, 120 kHz prototype. The operating principle for one switching cycle is divided into eight stages, and the equivalent circuits for each one is illustrated in Fig. 3 . The solid lines denote the current conducting paths. Fig. 4 shows the key waveforms of the converter. The operating behaviour of the converter will now be described.
to-tl: SI and DI conduct before to. Cb, LM, and LI are charged by the input source. The transformer provides the electrical isolation between the input and the output sides, and transfers energy to the output. During this interval, the tapped-inductor works as a one-winding inductor and stores energy.
t I-t2: SI is turned off at t I . CDs is charged by the primary current, which is the combination of the magnetising current and the reflected output current. Because the transient interval is so short, the actual resonant charging manner is approximated as a linear charging characteristic.
t2-t3: At t2, D2 is forward biased. The output current circulates through D l and D2. LI and CDs form a resonant network. During the interval, the voltage VDS(t) and the primary current ip(t) can be formulated as:
( 1) where, or = 1/ J-, k= NI/N2. t3-t4: After CDs is charged to the input voltage at t3, the anti-parallel diode of S2 starts to conduct. To achieve ZVS operation and reduce the conduction loss for S2, the switch should be turned on before the primary current changes direction. The voltage across the leakage inductor can be expressed by:
The negative voltage across the leakage inductor makes the primary current ip, decrease in a linear manner. This causes the current of Dl to quickly decrease. When the current has reduced to zero, the device is off and this stage ends. t4-t5: During this interval, the energy stored in the tapped-inductor starts to discharge. Because the inductor remains at a smaller value, the reflected current is larger than that in the AHBC. The larger reflected current contributes to the ZVS operation of the low-side switch, SI.
tytfj: At t5, S2 is turned off. The primary current discharges CDs, and VDS decrease linearly. This stage ends when the VDs increases to forward bias Dl.
t6-t7:
In t h s stage, D1 and D2 again simultaneously conduct. LI and CDs resonate. The VDs(t) and ip(t) are found as:
I _ Supposing the energy stored in LI is sufficient to discharge CDs completely, the voltage across CDs will be zero. The primary current can flow through the anti-parallel diode of s,.
tTt8: After VDs decreases to zero, the voltage across the leakage inductor is:
The positive voltage causes a rapid change rate in the primary current and D2 current. Before the primary current changes polarity, SI should be turned on to ensure ZVS operation. At tg, the current of D2 is zero. D2 turns off, and another switching cycle starts ( t g = to). This section analyses the key improved characteristics of using a tapped-inductor in a AHBC.
Characteristics of the proposed converter

Static voltage transfer ratio
In a switching cycle, the average flux variation of the magnetising inductor should be zero. Therefore, the voltage transfer ratio can be derived as:
Also, the maximum allowable operating duty cycle of the converter is: 
From (9) and (lo), if the operating duty cycle is adjusted to 50%, the rectifiers will be under the same stress.
RMS current of the output rectifier
In order to simplify the analysis, the dead time between the conduction intervals of the power switches is neglected.
Only the stages to-t, and t4-t5 are discussed in t h s section. The simplified operational circuits for these two stages are shown in Figs. 6a and 6b . During the D interval, the two inductors are in series and are charged by the input source. During the (1-D) interval, the energy The RMS current of the two rectifiers are: stored in the two inductors is transferred to the output by L N~. The simplified current waveform of the L N~ is shown in Fig. 6c . As the diagram indicates, the relationship of the I,, Ib, I,, Id, and Io can be formulated as the following equations:
where By solving (1 1H15), the currents Z , and I, can be expressed as:
(1 -20)
where Fig. 7 shows the RMS current ratio of the two rectifiers (IDRatio = I D~~~/ Z D~~~) with different winding ratios (k = 0 and k = 1). It is found that no matter what the ratio is, the larger portion of the output current flows through D2. At this point, the importance of extending the operating duty cycle is again highlighted. If the operating duty cycle is augmented, a lower voltage drop diode can be used. Moreover, increasing the windings ratio, the uneven current distribution of two rectifiers is worse. 
Maximum operating flux density of the transformer
Since the converter is controlled with an asymmetrical duty cycle, the average magnetising current is not zero, but a DC value. The DC value of the magnetising current lowers the transformer utilisation rate. In order to avoid saturation, the average magnetising current has to be taken into consideration in the design. The average input current (I,,,) and the output current (Io) should obey the following relationship:
The relationship between the average input current and the average magnetising current (I,,Dc) is expressed by:
Substituting (21) into (22) yields:
The average magnetising current is a function of the duty cycle and the winding ratio of the tapped-inductor. The relationship between the average magnetising current and the operating duty cycle for different winding ratios is shown in Fig. 8 . It is found that the optimal operating duty cycle of the converter is 50%. If the converter operates at this point, the average magnetising current will be zero. Moreover, a larger winding ratio for the tapped-inductor results in a smaller DC value of the magnetising current.
Taking the AC swing into account, the peak magnetising current of the transformer is:
The maximum operating flux density of the transformer is:
ZVS transition
The ZVS condition for the two switches can be derived from (2) and (5). Before S2 is turned on, VDS should increase to match the input voltage. Before SI is turned on, VDs should decrease to zero. Equations (27) and (28) quantitate the ZVS condition for S2 and SI, respectively.
where the current ip(t2) and ip(t6) can be approximated as:
From (27) and (28), it is found that whether or not ZVS operation is achieved depends on how much energy is stored in L,. A larger leakage inductance is helpful to achieve ZVS operation of both switches. Fig. 9 shows the required value of the leakage inductance for ZVS operation at different winding ratios for the studied converter. As the Figure indicates , the ZVS condition of SI is stricter than S2. Utilising a tapped-inductor in the output filter, means that the ZVS condition for S2 can be reduced.
Design considerations
In this Section, the design considerations of the proposed converter are developed according to the analytical results. They can be described as follows:
I Operating duty cycle
Determining the operating duty cycle is the first step. The optimal operating duty cycle of the AHBC is 50%. If the converter operates at ths point, not only will the output rectifiers be under the same stress, but also the average magnetising current will also be zero. Equation (8) formulates the maximum allowable duty cycle of the proposed converter. If the winding ratio of the tappedinductor is one, then the maximum allowable duty cycle can be extended to 0.586. In order to bear the load disturbance and duty loss, it is recommended to set the operating duty cycle it to be 40%. The drawback of using a tapped-inductor is that an unbalanced output current flows through the output rectifiers. As indicated in Fig. 7 , the larger k is, the more parts of the output current flow through DZ. Therefore, it is necessary to reconcile the winding ratio of the tappedinductor with the operating duty cycle. are the same as the positive and negative peak values of the primary current, respectively. These currents can be expressed as:
Figs. IOU and 10b show the peak currents of SI and S2 (is1 +k, is2-pk) under different loadings for different 
Current stress of the switches us a junction ofthe output
values of the windings turn ratio (k). When k = 0, the peak current stress of SI is 1.4A at full load, and the stress of S2 is 0.85 A. When k = 1, the peak current stress of both switches is about 1.1 A at full load. This shows the current stress of the switches is more balanced by using a tapped-inductor in the AHBC. Additionally, the voltage stresses of the switches is the input voltage.
Transformer magnetising inductors
The DC magnetising current of the transformer affects the utility rate of the magnetic material. In a practical design, the DC value has to take this into account. If the useable flux density of the material is BSat, the maximum allowable magnetising inductance can be derived from (26), and the value is:
Leakage inductor
As the above-mentioned, in order to acheve a ZVS operation of the switch, the leakage inductor must store sufficient energy to charge/discharge CDs. If the ZVS operating range is chosen, the minimum value of the required leakage inductance can be derived from (28).
A 120 kHz 24V/3 A prototype is implemented for verification. Fig . 11 shows the experimental waveforms on some key components of the studied converter under half-load operation. These waveforms are arranged in the same order as in Fig. 4 . It is shown that the experimental results coincide with the analysis. As mentioned earlier, the current ip(t2) and iP(@ play crucial roles in the ZVS operation of the switches. Fig. 12 shows the predicted and experimental values of these currents. It is shown that the calculated values are very close to the measured values. Fig. 13 shows the predicted and experimental RMS currents of DI and D2 under different loadings. The calculated current of D1 is larger than the experimental ones, but the result is the opposite in DZ. The reason for this is that the duty loss of the converter is neglected in the analysis. In order to regulate the variation of the output voltage caused by the load disturbance, the operating duty cycle of SI must be increased, t h s will result in more current through D1 and less through D2. The overall efficiency was measured under different values for the output current range at different winding ratios, as shown in Fig. 14 
Conclusions
The AHBC is considered a suitable topology for low to medium power level applications. However, it has the problem of a 50% maximum allowable duty cycle. A new AHBC topology using a tapped output inductor filter has been proposed to solve the problem. From the analytical and experimental results, several advantages of a larger windings ratio coefficient of the tappedinductor have been observed: (i) the maximum allowable duty cycle of the AHBC can be extended; (ii) the ZVS condition and current stress on the power switches can be reduced; (iii) the transformer utilisation rate is better; and (iv) a higher efficiency is obtained under a heavy load.
The only shortcoming is that the uneven current distribution of two rectifiers would be worse.
